Activation of p53 upon DNA damage induces an array of target genes, leading to cell cycle arrest and/or apoptosis. However, the mechanism by which the cell fate is controlled by p53 remains to be clarified. Previously, we showed that DEC1, a basic helix-loophelix transcription factor and a target of p53, is capable of inducing cell cycle arrest and mediating DNA damage-induced premature senescence. Here, we found that ectopic expression of DEC1 inhibits, whereas knockdown of DEC1 enhances, DNA damage-induced cell death. Surprisingly, we showed that the anti-cell-death activity of DEC1 is p53 dependent, but DEC1 does not directly modulate p53 expression. Instead, we showed that DEC1 inhibits the ability of p53 to induce macrophage inhibitory cytokine-1 (MIC-1), but not other prosurvival/proapoptotic targets, including p21 and Puma. Importantly, we showed that upon binding to their respective response elements on the MIC-1 promoter, DEC1 and p53 physically interact on the MIC-1 promoter via the basic helix-loop-helix domain in DEC1 and the tetramerization domain in p53, which likely weakens the DNA-binding activity of p53 to the MIC-1 promoter. Finally, we found that depletion of MIC-1 abrogates the ability of DEC1 to attenuate DNA damage-induced cell death. Together, we hypothesize that DEC1 controls the response of p53-dependent cell survival vs. cell death to a stress signal through MIC-1.
Activation of p53 upon DNA damage induces an array of target genes, leading to cell cycle arrest and/or apoptosis. However, the mechanism by which the cell fate is controlled by p53 remains to be clarified. Previously, we showed that DEC1, a basic helix-loophelix transcription factor and a target of p53, is capable of inducing cell cycle arrest and mediating DNA damage-induced premature senescence. Here, we found that ectopic expression of DEC1 inhibits, whereas knockdown of DEC1 enhances, DNA damage-induced cell death. Surprisingly, we showed that the anti-cell-death activity of DEC1 is p53 dependent, but DEC1 does not directly modulate p53 expression. Instead, we showed that DEC1 inhibits the ability of p53 to induce macrophage inhibitory cytokine-1 (MIC-1), but not other prosurvival/proapoptotic targets, including p21 and Puma. Importantly, we showed that upon binding to their respective response elements on the MIC-1 promoter, DEC1 and p53 physically interact on the MIC-1 promoter via the basic helix-loop-helix domain in DEC1 and the tetramerization domain in p53, which likely weakens the DNA-binding activity of p53 to the MIC-1 promoter. Finally, we found that depletion of MIC-1 abrogates the ability of DEC1 to attenuate DNA damage-induced cell death. Together, we hypothesize that DEC1 controls the response of p53-dependent cell survival vs. cell death to a stress signal through MIC-1.
Stimulated by retinoic acid 13 | growth differentiation factor 15 I n response to genotoxic stress, p53 is activated, leading to induction of cell death regulators, such as Puma, Bax, FDXR, and PolH, and cell survival regulators, such as p21, Mdm2, 14-3-3σ, and GADD45 (1-3). However, a central puzzle is how p53 determines the cell fate in response to a specific stimulus. Previously, we and others have shown that the expression level and functional domains of p53 are involved in the cell fate determination (4-7) as well as several cofactors that alter the ability of p53 to transcriptionally regulate its targets. For examples, the ASPP family proteins (8) , p53β (9) , and p90 (10) preferentially affect p53 to regulate proapoptotic targets, such as Bax, but not p21. Conversely, BRCA1 (11) and HZF (12) cooperate with p53 to transactivate p21 but not Bax. Interestingly, hCAS/CSE1L is able to selectively affect a set of p53 targets and p53-dependent apoptosis without directly binding to p53 (13) .
DEC1 belongs to a subfamily of basic helix-loop-helix (bHLH) transcription factors and is a critical regulator of the circadian rhythm (14) . DEC1 is defined as a senescence marker because it is up-regulated in premalignant tumors (15) . Consistent with this, our previous studies showed that DEC1 is a target of the p53 family and mediates G1 cell cycle arrest and DNA damage-induced premature senescence (16, 17) . Evidence also showed that DEC1 plays a role in cell death. For examples, overexpression of DEC1 inhibits serum starvation-induced apoptosis in HEK293 cells (18) , and DEC1 mediates TGF-β-induced cell survival in breast cancer cells (19) . However, other studies showed that loss of DEC1 leads to defective apoptosis of activated lymphocytes and confers thymocytes resistant to γ-irradiation-induced apoptosis (20) . Thus, it is likely that DEC1 has both prosurvival and proapoptotic activities in cell and tissue context-dependent manners.
Macrophage inhibitory cytokine-1 (MIC-1), a divergent member of the TGF-β superfamily (21) , is identified to play a role in many cellular responses and thus also called growth differentiation factor 15 (GDF15) (22) , nonsteroidal anti-inflammatory drug-activated gene 1 (NAG1) (23), prostate-derived factor (PDF) (24) , placental TGF-β (PTGFB) (25) , and placental bone morphogenetic protein (PLAB) (26) . MIC-1 is directly regulated by p53 and contributes to the response of cancer cells to chemotherapeutic agents by suppressing cell growth and/or promoting apoptosis (25, 27) .
In this study, we explored how DEC1 modulates p53-dependent DNA damage response. We provided evidence that DEC1 inhibits DNA damage-induced cell death by attenuating p53 induction of MIC-1. This finding suggests that in response to DNA damage, p53 is activated and then induces DEC1, which in turn modulates the ability of p53 to regulate MIC-1, a proapoptotic target. Thus, DEC1-p53-MIC-1 constitutes a unique feedback loop to control the response of p53-dependent cell survival vs. cell death upon genotoxic stress.
Results

DEC1
Attenuates DNA Damage-Induced Cell Death. To examine whether DEC1 modulates DNA damage-induced cell death, colorectal carcinoma (RKO) cells were uninduced or induced to express DEC1, followed by treatment with camptothecin (CPT) and etoposide (ETP). As shown in Fig. 1A , upon addition of doxycycline (an analog of tetracycline), an equivalent level of DEC1 was expressed in two individual clones (7 and 8) . Next, DNA histogram analysis was performed to measure the percentage of sub-G1 population using clone 8. We found that ectopic expression of DEC1 had no effect ( Fig. 1B, Top; 1.3% in control vs. 1.2% in DEC1-producing cells), whereas upon treatment with CPT and ETP, the sub-G1 population was remarkably increased by CPT (1.3% in control vs. 19.6% in CPT treated) and ETP (1.3% in control vs. 20% in ETP treated). CPT is an inhibitor of topoisomerase I, whereas ETP is an inhibitor of topoisomerase II, both of which can induce double-strand DNA break. However, upon DEC1 induction, the percentage of sub-G1 population was markedly decreased to 8.1% by CPT and to 8.8% by ETP (Fig. 1B) . Similar results were observed in clone 7 (Fig. S1A ). In addition, short-term cell proliferation assay showed that upon DEC1 induction in MCF7 cells ( compare lanes 1 and 3 with 2 and 4, respectively), the sensitivity of MCF7 cells to CPT was markedly decreased (Fig. S1C) .
To examine whether endogenous DEC1 is involved in DNA damage-induced cell death, RKO cells were uninduced or induced to knock down DEC1, followed by treatment with CPT and ETP. As showed in Fig. 1C , upon addition of doxycycline, the level of endogenous DEC1 was knocked down in two individual clones (8 and 10). Next, DNA histogram analysis showed that DEC1 knockdown (KD) alone had no effect on cell death ( Fig. 1D , Top; 0.5% in control vs. 0.4% in DEC1-KD cells), whereas upon treatment with CPT and ETP, the sub-G1 population was increased by CPT (0.5% in control vs. 7.9% in CPT treated) and ETP (0.5% in control vs. 13.4% in ETP treated). However, upon DEC1-KD, the percentage of sub-G1 population was further increased to 18.4% by CPT and to 25% by ETP (Fig. 1D) . Similar results were observed with clone 10 upon CPT treatment (Fig. S1D ). In addition, colony formation assay showed that upon DEC1-KD in MCF7 cells (Fig. S1E , compare lanes 1 and 3 with 2 and 4, respectively), the sensitivity of MCF7 cells to CPT was markedly increased, whereas doxycycline had no effect (Fig. S1 F-H) .
Because both p53 and DEC1 are responsive to multiple extracellular stimuli, we examined whether DEC1 inhibits cell death induced by other stress signals. Interestingly, we found that DEC1 was induced by actinomycin D (ActD, 5 nM; Fig. S2A ) and hypoxia (Fig. S2C) . Unlike CPT and ETP, 5 nM of ActD initiated ribosomal stress without altering histone γH2AX phosphorylation (Fig. S2A ), consistent with a previous report (28) . We also found that DEC1-KD enhanced ribosomal stressand hypoxia-induced cell death ( Fig. S2 B and D) . Together, these data indicate that DEC1 is capable of suppressing cell death in response to several types of stress signals.
Antiapoptotic Function of DEC1 Is p53-Dependent. To examine whether p53 is involved in the anti-cell-death activity of DEC1 upon DNA damage, we generated RKO cell lines in which p53 is stably knocked down and DEC1 is inducibly expressed. Western blot analysis showed that a comparable level of DEC1 protein was induced, whereas p53 was undetectable, in clones 4 and 8 compared with that in DEC1-expressing RKO cells (clone 8; Fig.  2A ). Interestingly, we showed that ectopic expression of DEC1 did not inhibit DNA damage-induced apoptosis in p53-deficient cells ( Fig. 2B and Fig. S3A ). To confirm this, we generated MCF7 cell lines in which p53 is stably knocked down and DEC1 is inducibly expressed (Fig. S3B) . Similarly, we found that ectopic expression of DEC1 had little if any effect on cell survival upon CPT treatment in p53-deficient cells (Fig. S3C) . Thus, loss of p53 abrogates the effect of DEC1 on DNA damage-induced apoptosis. DEC1 regulates expression of several genes involved in cell cycle control, including DEC2 (29), ID1 (17) , and ΔNp63 (30). However, we found that DEC1 had no obvious effect on the level of p53 protein in RKO cells regardless of DNA damage treatment (Fig. S3D) . Consistently, we found that the level of p53 mRNA was not altered in MCF7 cells upon DEC1 induction (Fig. S3E ).
DEC1 Inhibits p53-Dependent Expression of MIC-1. p53 activity in tumor suppression is mediated by its target genes. Thus, it is possible that DEC1 controls the response of a cell to p53-dependent cell survival vs. cell death by altering the expression pattern of p53 target genes. To test this, we examined p53 target genes involved in cell survival and death, including five proapoptotic target genes (MIC-1, Puma, Bax, PolH, and FDXR), two cell-cycle regulators (p21 and GADD45α), and Mdm2. We showed that in RKO cells, DEC1 induction markedly inhibited both the basal and DNA damage-induced expression of MIC-1 and to a much lesser extent Bax, but not Puma, PolH, FDXR, GADD45α, p21, and Mdm2 (Fig. 3A) . This observation was confirmed in another RKO cell clone, 7 ( Fig. S4A) , and two MCF7 cell clones (6 and 16; Fig. S4 B and C), all of which can inducibly express DEC1 under the control of a tetracycline-regulated promoter (16) . Conversely, we showed that upon DEC1-KD, both the basal and DNA damage-induced levels of MIC-1 were markedly increased in RKO and MCF7 cells (Fig. 3B , compare lanes 1 and 3 with 2 and 4, respectively; Fig. S4D ).
As a transcription repressor, DEC1 may transcriptionally repress MIC-1 expression. To test this, the level of MIC-1 transcript was measured in the presence or absence of DEC1. We found that upon DEC1 induction, both the basal and DNA damage-induced levels of MIC-1 transcript in RKO cells were reduced (Fig. 3C) . Consistent with this, Northern blot analysis showed that the level of MIC-1 transcript was decreased by DEC1 in two individual MCF7 clones (6 and 16; Fig. S4E ). Conversely, we found that upon DEC1-KD, both the basal and DNA damage-induced levels of MIC-1 transcripts were increased in RKO cells (Fig. 3D , compare lanes 1 and 3 with lanes 2 and 4, respectively).
To test whether p53 plays a role in DEC1 repression of MIC-1, we examined MIC-1 expression in RKO and MCF7 cells in that DEC1 can be inducibly expressed along with stable knockdown of p53. We showed that upon p53-KD, the level of MIC-1 was low or undetectable regardless of treatment with CPT and ETP ( Fig. 3E and Fig. S4F , lanes 7, 9, and 11), which suggests that MIC-1 expression is primarily controlled by p53. As a result, ectopic expression of DEC1 had little discernible effect (Fig. 3E and Fig. S4F, lanes 7-12) . As a control, the level of MIC-1 protein in p53-competent cells was substantially induced upon treatment with CPT and ETP, and that both the basal and DNA damage-induced levels of MIC-1 were markedly decreased by DEC1 (Fig. 3E and Fig. S4F , compare lanes 1, 3, and 5 with 2, 4, and 6, respectively).
Interaction of DEC1 and p53 on the MIC-1 Promoter Weakens the DNA-Binding Activity of p53, Leading to Decreased Expression of MIC-1. To explore the mechanism by which DEC1 regulates p53 activity, we examined whether DEC1 physically interacts with p53. To test this, endogenous DEC1 and p53 were immunoprecipitated by anti-DEC1 and anti-p53, respectively. Western blot analysis showed that endogenous p53 was detected in the DEC1 immunocomplex (Fig. S5A, Left) . Previously, we showed that DEC1 and histone deacetylase 1 (HDAC1) physically interact (30) . Indeed, HDAC1 was also detected in this complex (Fig. S5A, Left) . Conversely, endogenous DEC1 was detected in the p53 immunocomplex (Fig. S5A, Right) . In addition, we showed that ectopically expressed HA-tagged p53 was found to interact with ectopically expressed Flag-tagged DEC1 (Fig. S5B) . Next, we mapped the domain in DEC1 and p53 necessary for their interaction. To test this, five DEC1 mutants and four p53 mutants were generated (Fig. S5 C and E) and coexpressed in cells (Fig. S5 D and F) . We found that the HLH domain (amino acids 66-109) in DEC1 was required because p53 interacted with (Fig. S5D) . Similarly, we found that the tetramerization domain (TD; amino acids 325-356) in p53 is required because DEC1 interacted with p53(1-393) and p53(94-393), but not p53(1-324) and p53(Δ325-356; Fig. S5F ).
Previous reports (25, 27) and our own study (Fig. 3 ) suggest that p53 is the primary regulator of MIC-1 transcription at both the basal and stress conditions. Indeed, three p53-response elements (REs) along with four Sp1-REs have been identified in the MIC-1 promoter (23, 25, 27) (Fig. S6A) . Because DEC1 is capable of repressing gene expression through class B E-boxes (29), we searched the MIC-1 promoter and found one potential E-box adjacent to the p53-RE3 (Fig. S6A) . Thus, a luciferase reporter under the control of the MIC-1 promoter (nt −976 to +61), which contains three p53-REs, one E-box, and Sp1-REs, was generated and designated as MIC-1-P-976/+61 (Fig. S6A) . We also generated four other luciferase reporters under the control of the MIC-1 promoter, which lacks the E-Box, p53-RE3 (MIC-1-P-585/+61), or a combination of the E-box, p53-REs, and Sp1-REs (Fig. S6A) . We showed that p53, but not mutant (R249S and ΔTD), increased the luciferase activity for each of the luciferase reporters as long as the p53-RE1 is present (Fig. S6B) . Thus, to test whether p53-RE1 is sufficient and necessary for the MIC-1 promoter to be regulated by p53, we generated two luciferase reporters under the control of the MIC-1 promoter in which p53-RE1 was disrupted (Fig. S6C) . We found that in the absence of p53-RE1, the MIC-1 promoter with p53-RE2/-RE3 (MIC-1-P-976/+41) was weakly responsive to p53, whereas the one with only p53-RE2 (MIC-1-P-585/+41) was inert (Fig. S6D) . This observation suggests that p53 regulates the MIC-1 promoter primarily via p53-RE1. Surprisingly, we showed that the MIC-1 promoter was suppressed by DEC1 but not mutant DEC1 (R58P and ΔHLH) regardless of the presence of the E-Box, p53-REs, and Sp1 sites (Fig. S6E) . The suppression of the DEC2 promoter by DEC1 was measured as a control (Fig. S6E) . Therefore, to identify DEC1-REs in the MIC-1 promoter, we further searched the MIC-1 promoter (nt −40 to +61) and found two imperfect E-boxes, designated as DEC1-RE1/-RE2, which are located downstream of the MIC-1 transcription start site (Fig. 4A) . It should be noted that p53-RE1 is also located downstream of the MIC-1 transcription start site (Fig. 4A) . To test this, we generated four luciferase reporters under the control of the MIC-1 promoter, which carries both or neither DEC1-RE1/-RE2 (MIC-1-P-40/+61; MIC-1-P+23/+61), or a mutation in one of the DEC1-REs (MIC-1-P-E1M; MIC-1-P-E2M; Fig. 4B ). We found that DEC1 had no effect on the MIC-1 promoter that does not carry DEC1-RE2 (CAGCTC element; Fig. 4C ). Consistent with above observations, p53 activates the MIC-1 promoter regardless of the presence of DEC1-RE1/-RE2 (Fig. S6F) . Nevertheless, we emphasize that in the absence of p53, the basal level of MIC-1 is extremely low (Fig. 3E and Fig.  S4F ), and as a result, the significance of DEC1 inhibition of MIC-1 expression in the absence of p53 would be limited. Thus, we wanted to investigate whether DEC1 is capable of suppressing the ability of p53 to activate the MIC-1 promoter. Indeed, we found that the ability of p53 to activate the MIC-1 promoter was markedly inhibited by DEC1 in a dose-dependent manner (Fig. 4D) .
Next, we measured whether DEC1 directly binds to the MIC-1 and other p53 target gene promoters (Fig. 4E) . To test this, a ChIP assay was performed with DEC1-producing MCF7 cells. As shown in Fig. S6G , HA-DEC1 was expressed in MCF7 cells upon induction with doxycycline. DEC1 binding to the DEC2 promoter was measured as a positive control. We found that DEC1 bound to the MIC-1, p21, Mdm2, and DEC2 promoters (Fig. 4F) , which is not surprising because several putative E-boxes are located on the p21 promoter and an E-box is located on the Mdm2 promoter (Table S1 ). These observations lead us to examine whether DEC1 modulates the ability of p53 to recognize these promoters. As previously reported (25, 31), we found that endogenous p53 in MCF7 cells bound to p53-REs on the MIC-1, p21, and Mdm2 promoters upon treatment with CPT and ETP (Fig. 4G, compare lanes 15 and 17 with lane 13) . Interestingly, upon DEC1 induction, the extent of p53 bound to the MIC-1 promoter was markedly inhibited (Fig. 4G , compare lanes 16 and 18 with lanes 15 and 17, respectively). However, DEC1 had no effect on the extent of p53 bound to the p21 and Mdm2 promoters (Fig. 4G, compare lanes 16 and 18 with lanes 15 and 17,  respectively) . p53 binding to the DEC2 promoter was measured as a negative control (Fig. 4G) .
To further investigate why DEC1 selectively inhibits MIC-1 but not p21 and Mdm2, we analyzed the distance between DEC1-RE and p53-RE on these promoters. We found that the distance between the DEC1-RE and p53-RE is only 17 bp on the MIC-1 promoter, but more than 280 bp on other promoters (Table S1 ). Therefore, we hypothesize that both DEC1 and p53 have to bind to the same promoter in close proximity, which then facilitates DEC1-p53 interaction on the MIC-1 promoter. To test this, a ChIP-reChIP assay was performed and showed that DEC1 and p53 were present on the same chromatin fragment on the MIC-1 but not p21 and Mdm2 promoters (Fig. 4H) .
As shown above, Bax expression was also inhibited by DEC1 (Fig. 3A) . Surprisingly, we found that DEC1 bound to the Bax promoter (Fig. S7A) , but had no effect on p53 binding to the Bax promoter (Fig. S7B) ; this suggests that DEC1 inhibits Bax expression through another mechanism. Previous reports showed that the Bax promoter contains four E-boxes downstream of four p53-half sites (32) and a p53-RE in intron 1 (33) (Fig. S7A) . To test whether Bax is transcriptionally inhibited by DEC1, we generated two luciferase reporters under the control of the Bax promoter: Bax-P-433/+388, which contains p53 half-sites, E-boxes, and the p53-RE; and Bax-P-433/+8, which lacks the p53-RE (Fig. S7C) . We showed that the intronic p53-RE was responsive to p53 (Fig. S7D) . In addition, we showed that DEC1 inhibited the Bax promoter regardless of the p53-RE (Fig. S7E) .
MIC-1 Is a Downstream
Effector of DEC1 to Modulate DNA DamageInduced Cell Death. To determine the role of MIC-1 in the antiapoptotic activity of DEC1, we generated multiple RKO and MCF7 cell lines in which MIC-1 is stably knocked down and DEC1 is inducibly expressed. DEC1-expressing RKO clone 8 and MCF7 clone 6 were used as controls. Western blot analysis showed that comparable levels of DEC1 protein were expressed, whereas the level of MIC-1 protein was low in MIC-1-KD RKO cell clones 2 and 10 ( Fig. 5A ) and MCF7 cell clones 5 and 24 (Fig. S8A) . We showed that upon knockdown of MIC-1, ectopic expression of DEC1 in RKO cells had no effect on DNA damage-induced apoptosis (Fig. 5 B and C) , which is different from the above observation that ectopic expression of DEC1 prevented RKO cells from undergoing DNA damage-induced apoptosis (Fig. 1B and Fig. S1A ). We also showed that upon knockdown of MIC-1, ectopic expression of DEC1 in MCF7 cells had no effect on DNA damage-induced growth suppression (Fig. S8B) , which is different from the observation that ectopic expression of DEC1 promoted cell survival in MCF7 cells upon DNA damage (Fig. S1C) . These results suggest that MIC-1 is a downstream effector of DEC1 in suppressing DNA damageinduced cell death in a p53-dependent manner.
Discussion
We previously showed that DEC1, a target of p53, mediates G1 arrest and premature senescence in p53-and p21-independent manners (16) . In this study, we showed that DEC1 inhibits DNA damage-induced apoptosis in a p53-dependent manner. Interestingly, we showed that DEC1 attenuates p53 induction of MIC-1, but not other apoptotic target genes (Puma, FDXR, and PolH), p21, GADD45α, and Mdm2. Moreover, we showed that similar to p53-KD ( Fig. 2B and Fig. S3 A-C) , depletion of MIC-1 abrogates the ability of DEC1 to suppress DNA damage-induced cell death (Fig. 5 and Fig. S8 ). It is well established that in response to DNA damage, p53 is activated and then induces an array of target genes, including DEC1 for inducing cell cycle arrest and senescence, and MIC-1 for inducing apoptosis. However, a number of known and unknown factors, including the cellular context and the type of a stress signal, would dictate the response of a cell to choose p53-dependent cell survival vs. cell death. Here, we hypothesize that DEC1 suppresses p53 induction of MIC-1 and thus controls the response of a cell to p53-dependent cell survival vs. cell death to a stress signal (Fig. 5D) . p53 regulates its targets by binding to p53-REs as a tetramer. An intact p53 TD is critical for efficient DNA binding (34), protein-protein interaction (35) , and posttranslational modifications (36) . Here, we showed that DEC1 physically associates with p53 via the TD (Fig. S5 ) and attenuates p53 binding to its target MIC-1 promoter (Fig. 4) . In addition, transactivation of the MIC-1 promoter by p53 is diminished by DEC1. Importantly, we showed that in order for DEC1 to suppress p53 activation of the MIC-1 promoter, both DEC1 and p53 have to bind to the same promoter and interact with each other on the promoter (Fig. 4) . However, although both DEC1 and p53 bind to p21 and Mdm2 promoters, DEC1 is unable to inhibit the ability of p53 to bind to p53-REs on these promoters, probably due to lack of interaction between DEC1 and p53 on the promoters (Fig. 4) , and, consequently, DEC1 is unable to suppress p53 induction of p21 and Mdm2 (Fig. 3 and Fig. S4 ). We note that DEC1 slightly inhibits p53 induction of Bax expression (Fig. 3A) but does not inhibit the ability of p53 to bind to the Bax promoter (Fig. S7B) . In addition, DEC1 potentially inhibits Bax expression regardless of p53 (Fig. S7E) , which suggests that p53 is capable of inducing apoptosis in the absence of Bax, consistent with published studies (37, 38) . Together, our data suggest that upon binding to the MIC-1 promoter, DEC1 and p53 form a complex, which weakens the DNA-binding activity of p53 to the MIC-1 promoter. Thus, further study is warranted to examine whether DEC1 disrupts proper formation of p53 tetramers upon binding to the p53 TD.
The activities of transcription factors are often modulated by transcription cofactors, such as HDACs. It has been shown that HDAC1 is recruited by p53 to repress p53 target gene promoters (39) and inhibits p53 activity through p53 deacetylation (40) . Here, we showed that HDAC1 is present in the p53-DEC1 complex (Fig. S5A) . Interestingly, we previously reported that HDAC2 inhibits p53 transcriptional activity (31) , and HDAC2 associates with DEC1 and attenuates DEC1 activation of the ΔNp63 promoter (30) . Thus, DEC1 potentially represses p53 transcriptional activity on the MIC-1 promoter via recruiting HDAC1/2 corepressors, which needs to be further explored.
MIC-1, a TGF-β superfamily cytokine, plays a role in cell proliferation, cell mobility, and the response of cancer cells to a therapy. Under physiological conditions, the level of MIC-1 protein is undetectable in most tissues except placenta and brain (41) . However, MIC-1 expression is increased during neoplastic transformation, along with an elevated level of secreted mature MIC-1 in sera from cancer patients (41) . Thus, the level of serum MIC-1 is explored as a diagnostic tool. Several factors are known to up-regulate MIC-1 expression, including Sp1 (23) and p53 (25, 27) . Like other TGF-β family members, MIC-1 acts as a tumor suppressor at the early stage of tumorigenesis, but at the late stage is associated with tumor invasion and metastasis (41) . Here, we showed that DEC1 inhibits MIC-1 expression under both the basal and stress conditions. Interestingly, the basal expression of MIC-1 in the absence of p53 is extremely low in multiple cell lines (Fig. 3 and Fig. S4 ). Thus, we hypothesize that in the early stage of tumorigenesis when p53 is still wild type and can be readily activated, overexpression of DEC1 in some tumors would inhibit p53 induction of MIC-1, and thus promote tumor development.
DEC1/2 along with CLOCK (NPAS2), BMAL1, Cry1/2, and Per1/2 are five clock-gene families regulating the circadian rhythm (14) . Importantly, recent observations showed that clock genes are involved in DNA damage-induced apoptosis and tumorigenesis. Loss of Per1 or Per2 impairs DNA damage-induced apoptosis (42, 43) , whereas Cry-null cells exhibit increased apoptotic response upon DNA damage (44) . These findings suggest that clock genes differentially modulate the extent of DNA damage-induced cell death. Interestingly, rhythmic expression of p53 is synchronized with the expression pattern of Per1 in oral mucosa (45) . In addition, impaired p53 activation upon γ-irradiation was found in Per2-null thymocytes (43) . However, the mechanism by which the clock genes regulate p53 is not clear. Therefore, our findings suggest that DEC1 links the circadian clock with the p53 pathway, and thus may be explored to improve cancer chronotherapy.
Materials and Methods
Antibodies used in this work are listed in SI Materials and Methods. Detailed information for cell line generation, plasmid construction, DNA histogram analysis, luciferase reporter assay, RT-PCR, ChIP assay, and ChIP-reChIP assay are available in SI Materials and Methods. Primers for RT-PCR, ChIP assay, and ChIP-reChIP assay are summarized in Table S2 .
